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Abstract

Ferromagnetism in certain B2 ordered alloys such as FeggAlyg can be switched on, and tuned, via
antisite disordering of the atomic arrangement. The disordering is accompanied by a ~1 %
increase in the lattice parameter. Here we performed a systematic disordering of B2 FegyAlyg thin
films, and obtained correlations between the order parameter (S), lattice parameter (ao), and the
induced saturation magnetization (Mj). As the lattice is gradually disordered, a critical point
occursat 1 — S = 0.6 and ap = 2.91 A, where a sharp increase of the M; is observed. DFT
calculations suggest that below the critical point the system magnetically behaves as it would still
be fully ordered, whereas above, it is largely the increase of a( in the disordered state that
determines the M. The insights obtained here can be useful for achieving tailored magnetic
properties in alloys through disordering.

Controlled disordering of the crystal lattice can unlock potential to tune the properties of magnetic
materials. Intrinsic material properties such as the saturation magnetization (M;) can be highly sensitive to
the ordering of atoms in alloy lattices [1—7], manifesting a wide range for M;-tuning. However, a precise
understanding of the mechanism of increasing M, with decreasing structural order has been elusive, since
varying the ordering also causes changes of other structural properties. This makes it difficult to
experimentally associate the changes of the magnetic properties to various changes in structural properties.

The understanding of disorder-induced effects can be approached in prototype alloys that respond
sensitively to disordering. Examples of this behavior are certain binary alloys which order in the B2
structure and transform from para- or antiferromagnets to ferromagnets via small atomic re-arrangements
[1-8].

In this study, we selected a FegoAly alloy that can form an ordered B2 phase (referred to as B2 FegyAlyg)
which is paramagnetic (PM) and transitions to ferromagnetism as the structure is chemically disordered
[1-4, 9—17]. The B2 phase consists of a superstructure of two interpenetrating simple cubic lattices; one
each lattice for the Fe and Al atoms respectively [18]. Disordering implies a rearrangement to form antisite
defects, whereby an Fe(Al) lattice site is replaced with an Al(Fe) atom (figure 1(a)). Randomization of the Fe
and Al site occupancies via disordering leads to the A2 structure. This B2 to A2 transition results in an
increase in the number of the Fe—Fe nearest neighbors, from an average of 2.7 in B2 to 4.8 in the A2; this
increase has often been a first-approximate explanation for the onset of ferromagnetism [11, 19-21].

Disordering by forming antisite defects is typically accompanied by the formation of a variety of other
defect types as well, such as vacancies [16, 33] and as well as slight deviations of atoms from their
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Figure 1. Disorder induced magnetic and structural changes. (a) Schematic of the chemically ordered B2 structure (left) and the
disordered A2 structure, with each consisting of 3 x 3 x 3 unit cells. (b) XRD measurement of the (100) superstructure peak
(SSP) for various treatments. (c) Measured fundamental peak (FP). (d) Corresponding increase of the saturation magnetization
(Mj). The irradiations have been performed at 170 keV.

equilibrium lattice positions, known as static disorder [8]. In addition, an expansion of the the lattice
parameter of up to ~1 % has been observed with increasing disorder [3, 4, 22-29].

The simultaneous occurrence of multiple defect types and the corresponding lattice expansion makes it a
non-trivial problem to identify the contribution of each defect to the ferromagnetic onset.

Alloy systems such as FegyAlyg, where the defect induced changes to the magnetic behaviour are large,
can be deployed as templates test-bed onto which nanomagnets od desired geometries can be embedded
and the microwave dynamics of the magnets can be tuned [30—-32]. Achieving an understanding of the
underlying defect related phenomena provides valuable information for tuning material properties. For
instance, it has been shown that while a variation in the open-volume defect distribution is not
associated with a corresponding change to the M, manipulating the vacancy distribution through
annealing and irradiation treatments leads to a lowering of the reordering temperature, which is relevant to
processing the material for applications [33]. Further insights have been achieved, whereby the occurrence
of static disorder has a limited influence on the M; of FegyAly [34]. Thus, two major contributions to the
ferromagnetic onset in disordered B2 alloys can be identified, viz the antisite defects and the associated
lattice parameter, wherein the separating the two contributions can be difficult.

The role of the the lattice parameter has been previously investigated by inducing disorder through
mechanical deformation [3, 10]. Observations of the M; vs lattice expansion and M, vs disorder
relationships under mechanical stress-induced disordering processes have been reported [3, 10, 35, 36],
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Figure 2. Magnetic and structural properties in disordered FegyAly. (a) Lattice parameter 4, as a function of the disorder
parameter 1 — S. (b) Dependence of the saturation magnetization M; on the disorder. (c) Variation of the magnetization with
lattice parameter. (d) Three-dimensional plot showing the inter-dependence of the studied magnetostructural properties on thin
films. (Black squares) obtained results for ion-irradiated thin films. The red dashed lines serve as a guide to the eye and the black
dotted lines mark the critical point. (Green triangles) and (blue circles) illustrate the published interrelationships for ball-milled
powder [3, 4] and a compressed bulk sample [10], respectively. The range for I — S > 0.8 is shaded grey indicating the
nominally fully disordered films.

however without consensus; the induced M; has been considered purely a disordering effect [19-21], and
contradicted by claims of an M, contribution from the lattice expansion [22, 26].

Disorder caused by mechanical deformation tends to be concentrated at the strained regions, and can be
spatially inhomogeneous and difficult to characterize. A more direct way to induce atomic rearrangements
is via ion-irradiation of thin films. Knock-on collisions with energetic ions can displace atoms from
their ordered lattice sites, followed by a thermally-driven stochastic vacancy recombination leading to the
formation of antisite defects. The mass of the penetrating ions, energy of the ions as well as temperature
determine the chemical disorder manifested by the irradiation process—all of which can be exploited to
subtly vary the induced disorder. This direct-disordering approach can be used to tailor the order—disorder
transition in fine steps while keeping the composition fixed.

Here we show that the magnetic behavior of systematically disordered B2 FegyAly falls into three
distinct regimes; despite the monotonic increase of ay with chemical disordering, the film behaves largely
paramagnetic below a critical value of disordering, whereas above the critical regime it becomes
ferromagnetic and M; is largely constant. The two regimes are separated by a third one, showing a critical

M increase.

Polycrystalline FeggAlyg films with a thickness of 250 nm were deposited by single-target magnetron
sputtering under a 3 x 10> mbar Ar atmosphere on Si(001) buffered with 250 nm thick SiO,. The use of
thin films allows the whole film volume to be chemically disordered by ions and subsequently probed by
x-ray and magnetic measurements. Post-annealing at 773 K for 1 hr was performed in vacuum to obtain B2
FegoAlyg. To achieve a systematic characterization of structure—property relationships, ion-irradiation of the
above B2 ordered films was performed under a wide variety of conditions. The variable parameters were the
ion-species (HT, He™, and Ne™), ion-energy (17— 170 keV), ion-fluence (up to 4 x 10" ions/cm?) and
sample temperature during irradiation (100 —523 K). These parameters were selected based on Monte Carlo
type simulations implementing the binary collision approximation [37], to achieve a peak average
displacement between 0.07 and 5.77 per atom (for details see supplement’).

Figures 1(b)—(d) show the structural and magnetic analysis on selected samples with 3 different
treatments—B2 and Ne™ irradiated with 9 x 10" and 6 x 10'* ions/cm? leading to the fully ordered,

> See supplemental material (https://stacks.iop.org/NJP/22/073004/mmedia) at URL for a detailed experimental description.
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Figure 3. DFT calculation results for FegyAly. (a) Variation of the saturation magnetization or magnetic moment per Fe atom
with the lattice parameter for the B2 (filled triangles) and A2 (empty triangles) phase.The dotted line indicates the
experimentally observed critical ag, where the transition from para- to ferromagnetic behavior occurs. (b) DOS of the
B2-ordered (black line), partially disordered, 1 — S = 0.6 (dotted line) and fully-disordered, A2 (grey line) structures. (c)
Variation in DOS of the disorder-free B2 structure, due to lattice expansion.

intermediate, and disordered state, respectively. The lattice parameter (ay) and order parameter S were
estimated using x-ray diffraction, where the shift of the (110) fundamental peak (FP) is a measure of the ay,
and the integral intensity of the (100) superstructure peak (SSP) is directly dependent on the
ordering (see supplement). In figure 1, the XRD peaks of the fully ordered, intermediate and disordered
thin films refer to order parameters of S = 0.8, 0.4, and <0.2 (figure 1(b)), and lattice parameters of
ap =2.89 &,2.91 A, and 2.93 A (figure 1(c)), respectively. Correspondingly, the M increases from
10 kA m™! for the fully ordered structure, to 180 kA m™! for intermediate order and ~500 kA m™! for the
fully disordered (figure 1(d)). All measurements have been performed at room temperature.

For B2 lattices, the diffraction peaks can be separated into two groups; those with an even index sum,
(h + k + 1), such as the 110 SSP and those with an odd index sum, such as the 100 FP. Peak intensity
depends on the square of the net scattering from the two respective lattice sites viz, the unit cell corners and
the body-centre. It has been shown that in B2 lattices, the intensity of a peak with an odd index sum is
determined by the difference in the scattering powers of atoms at the two respective lattice sites [9]. The site
occpancy of Fe and Al atoms in the ordered lattice is preferential, where say the corner sites are occupied
purely by Fe, and the body centers by the Al and excess Fe atoms. This preferential site occupancy causes a
non-zero difference between the scattering powers at the corner and the body center, thereby giving a
non-vanishing intensity for peaks with odd index sums. During disordering, the site occupancies are
randomized and the scattering powers for the corner and body-centre converge, with the difference
vanishing for a fully randomized lattice. The intensity of the 100 SSP is therefore dependent on the
preferential site occupancy of Fe and Al atoms, i.e. on the order parameter S; it is maximum for the B2
structure and zero for the A2. On the other hand, the intensity of peaks with even index sums are
determined by the summation of the scattering powers of the atoms at the corners and body
centers, and are non-vanishing regardless of the site occupancy. Peaks with even index sums are therefore
useful for tracking the lattice parameter as a function of disorder.
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The order parameter S can be estimated using the square root of the ratio of the integrated measured
intensities of the SSP, Issp and of the FP, Igp with respect to the theoretical calculated values of the ordered

B2 FeggAlyg structure [38]:
S — (ISSP /IFP)measured ( 1 )
(Issp/Iep) calculated

where S is dimensionless and 0 for a fully disordered A2 structure, and due to the off-equiatomic
composition, can reach only a maximum of ~0.8 for the best ordered case [39]. Since ion-irradiation
gradually disorders the film, a more convenient term is the disorder parameter, defined as 1 — S,

and will be used in the discussion. The order parameter was estimated from the low order Bragg reflections.
Considering the background of the XRD measurement and the peak broadening due to variations of
microstrain and crystallite size, an estimated disorder of up to 1 — S & 0.8 is detectable (supplement).

We evaluate the inter-dependencies of the structural and magnetic properties, namely, 1 — S, a9 and M.
The ay and M are plotted as functions of 1 — S in figures 2(a) and (b) respectively, whereas the M;(ay) is
shown in figure 2(c). Despite the vast variety of conditions applied in the experiments, the relationship
between M, ap and 1 — S collapses into a single curve, as shown in figure 2(d).

As seen in figure 2(a), ay increases monotonically with disorder, from a, = 2.89 A for the fully
ordered films to 2.91 A for 1 — S = 0.6. Further ion-irradiation results in a vanishing SSP, implying a
1 — S > 0.8. Intermediate values between 1 — S = 0.6 and 0.8 were not observed under any of the
attempted experimental conditions. Thin films with 1 — S > 0.8 are considered nominally fully disordered.
Here, ay varies over a range from 2.91 A to 2.935 A.

The M for fully ordered and thus largely paramagnetic films is initially constant (10 kA m~"') with
increasing disorder (figure 2(b)), until a sharp onset close to 1 — S = 0.6 appears, after which a sharp
increase of M; to 300 kA m~! is observed. Above this value only the fully disordered structures could be
observed by XRD. M, shows a similar dependence on a, (figure 2(c)): initially, a, increases from 2.89 to
2.91 A, whereas M, remains approximately constant. A further increase in g, leads again to a step-like
increase of M, up to its maximum. With further increasing ay, M; remains around its maximum value.

The two regimes of different, but nearly stable M, are demarcated by a dotted line passing through the
critical values of 1 — S = 0.6 and ap = 2.91 A (figure 2). Even as M and 1 — S reach their limits above the
critical point, the ay can be further increased until reaching its maximum,; this can be explained by the
further disordering of residual short-range ordered B2 regions since the irradiation-induced lattice
expansion due to vacancies can be neglected [16].

We compare our results with previous approaches using different methods of mechanical stress-induced
disordering of bulk-like B2 FegyAly, i.e. ball-milled powder [3, 4] and almost uniaxial compressed bulk
samples [10]. As seen in figure 2(b), below and above 1 — S = 0.6 there is agreement between the
mechanical stress-induced and direct-disordering approaches. However, at 1 — S = 0.6 no critical
behavior is observed for the mechanical stress-induced approaches. The possible inhomogeneities within
the sample volume of the mechanical stress-induced disordered material, especially for ball-milling, may
result in a smoothed 1 — S behavior.

In general, intermediate states of disorder ranging from 1 — S = 0.6 to fully disordered (1 — S = 0.8 to
1) have not been observed. This is true for mechanically disordered bulk samples in literature as well as the
present irradiation-disordered films. The present investigation of the region around the critical point reveals
that whereas the monotonic behavior of ay vs 1 — S, the M; vs 1 — S shows an unambiguous critical
increase (figure 2(b)).

Having established this critical behavior for the onset of ferromagnetism, we examine the plausibility
of this behavior using density functional theory (DFT). Several calculations are mentioned in literature
[24-26, 40—44], with each approach partially explaining the observed behavior.

Kulikov et al [41] applied tight-binding linear muffin-tin orbital (TB LMTO) approach on B2 FespAls
and obtained a moment (k) of 0.76 up on the Fe atom, and an equilibrium ay ~ 2.86 A. The calculation
also yielded a linear increase of ype with increasing ag. The calculation however, does not reproduce the
increasing a, with disorder, seen clearly in figure 2(a), as well as in other works [3, 4, 10, 15, 27, 43, 44].

An increase in the number of Fe—Fe nearest neighbors at the antisite causes an increase in the occupancy of
the d band. The increase of the spin-polarization at the disorder site due to electron filling is known from
Kulikov et al’s rigid band picture [41]. The perturbation at the antisite is associated with an increased a, as
well as Friedel oscillations that cause a further increase of pige of Fe atoms that are a few atomic spacings
away from the antisite. The rigid band picture is consistent with the monotonic variation of gy and 1 — §,
while fip. remains at minimum (figure 2(a)). Below the critical point, the system behaves paramagnetic

as it would still be B2 ordered, seen experimentally in figure 2(c).
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The regime observed above the critical point cannot be explained by the rigid band picture. Here the
effect of the lattice expansion on the variation of energy, E, versus the total density of states, DOS, must be
considered. Apinaniz et al [24-26] applied TB LMTO method to both B2 and A2 structures and
showed an increased a, with disordering; the calculated equilibrium g, for the B2 and A2 are 2.84 and
2.89 A respectively, and pir. of 0.64 and 1.7 g respectively. Furthermore, a critical behavior of the yir. with
increasing ay is predicted, whereby jip. in B2 FesoAlsg rises sharply from zero to 0.5 pp as the ag expands
above 2.78 A; in the absence of disorder. Whereas the calculated critical dependence of . on ay is
inconsistent with the results of mechanical stress-induced processes in the literature, it does bear
resemblance to the observations on ion-irradiated films shown here.

The prediction that the B2 structure can undergo a transition to a ferromagnetic state above a
critical ay, even without disorder, can prove useful in explaining the current experimental observations.

We explore the above aspect by first performing DFT calculations on the relevant composition, i.e. B2
FegoAlyg. First principles density functional theory (DFT) calculations using fully relativistic
Korringa—Kohn—Rostoker (KKR) formalism with the SPRKKR package [45] were performed.
Perdew—Burke—Ernzerhof (PBE) exchange—correlation functional has been used within generalized
gradient approximation. Configurational disorder was treated within coherent potential approximation
(CPA).

The effect of increasing ay on the Fe moment for B2 as well as A2 structures is shown in figure 3(a).
Whereas the A2 structure is FM throughout the investigated a, range, lattice expansion causes a
ferromagnetic onset in the B2 at ay ~ 2.87 A. According to calculations, the equilibrium a, for the B2
structure lies close to 2.87 A, with the Er. is located within a narrow pseudogap of ~1 eV width, thereby
rendering the spin-splitting highly sensitive to changes in the DOS that can be manifested by the
increasing disorder and ay. Figures 3(b) and (c) show the effect of disorder and lattice expansion
respectively on the DOS.

Disorder causes a smearing of the DOS which is expected due to scattering from antisites. As seen in
figure 3(b), the consequent changes to the DOS at the Fermi energy, E, are sufficient to cause a
spin-splitting, where the partially disordered state of I — S = 0.6 shows an Fe-moment of 1.25 .
Comparing the DOS for the partially disordered state to that of the fully disordered A2 structure, it is seen
that the spin-splitting due to antisite-scattering saturates at 1 — § = 0.6. This matches well with the
experimentally observed critical point above which the M, becomes independent of the disordering
(figure 2(b)).

Similarly, figure 3(c) considers the effect of lattice expansion on disorder-free B2 FegyAly. Below the
critical ao, the close distances between the atoms can cause a smearing of the d bands. As the lattice
expands, orbital hybridization reduces and the peaks in the d band start to narrow. The location of Er in the
vicinity of the narrowing d band peaks can, at a critical point and above, make spin-splitting energetically
favorable. The onset of ferromagnetism in disorder free B2 FegyAly is therefore due to the particular
position of Eg in the presence of narrowing d band peaks. Since the pige increases with lattice expansion in
both the B2 as well as the A2 structures (figure 3(a)), the increasing yig. caused by band narrowing appears
to be valid for any given state of disorder.

From the above DOS considerations, it is seen that both antisite-scattering and band-narrowing favour
an increased spin-splitting. The contribution of antisite-scattering to the spin-splitting saturates at
1 — S = 0.6, whereas increasing a, tends to continuously increase the spin-splitting, both in the fully
disordered as well as the residual B2 ordered regions [34]. The initial sparse disordering of the B2 lattice
leads to localized . at antisites, manifesting an interplay with the disorder and a,. The strain induced due
to the lattice expansion of the disordered regions increases the average a, thus modifying the DOS and
causing spin-splitting throughout the lattice. The M; will follow a path bound by the B2 and A2 lines,
indicated by the arrow in figure 3(a).

The latter part of the transition where M is solely dependent on the g, has been addressed in previous
studies, arriving at a conclusion that the lattice expansion contributes about 35 % of the induced pig. [22].
However, as we have seen in the above discussion, separating the respective contributions of disorder and
lattice expansion, is valid only in the regime above the critical point.

Unraveling the interplay between the disorder induced moment and lattice expansion, as well as the
critical behavior sheds light on the magnetism of disordered systems, and can be applicable to a broad range
of binary alloys. Our results show that controlled disordering of alloys can be a promising approach to
sensitively engineer the DOS of alloys and achieve tailored functional properties.
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